Abstract-A compact dual band-notched ultra-wideband (UWB) multiple-input multiple-output (MIMO) antenna with uniform rejection performance is designed on an FR4 substrate (35 × 23 × 1.6 mm 3 ). Compared with the existing UWB MIMO antennas, a second-order notched band with uniform performance for 5.15-5.825 GHz is achieved, which results from the interplay between a 1/3λ open-end slot and a 1/2λ parasitic strip. A 1/4λ open-end slot is also applied to the 3.3-3.7 GHz reject band. The two slots are connected at their open ends, that can help to get the uniform reject performance for 5.15-5.825 GHz and make the high cutoff frequency of the impedance matching band go toward the higher frequencies. Excluding the two rejected bands, a band with |S 11 | ≤ −10 dB, |S 21 | ≤ −17 dB and frequency ranged from 3.1 to 10.9 GHz is achieved, and results show that a uniform performance for 5.15-5.825 GHz is obtained.
INTRODUCTION
Making use of wide frequency to transmit signals, ultra-wideband (UWB) system has been reported to be resistant against frequency selective fading. UWB system suffers from multipath fading and should operate at extremely low spectral power level to avoid the interference from other systems. Thereby, its signal to noise ratio (SNR) is of a very low magnitude, the system performance deteriorated, and its development restrained. Meanwhile, without sacrificing transmitted power, multiple-input multipleoutput (MIMO) technology has attracted major interest for its abilities to enhance the data rate and reliability in rich scattering environments [1] . Therefore, UWB MIMO technology is a rising research field to solve the multi-path fading and low SNR problems of UWB system [2] in recent years, and selective fading problem of MIMO system can also be improved by it.
To reduce the UWB antenna size or minimize the potential EM interferences between a UWB system and narrowband systems, various methods were used by the antennas [3] [4] [5] [6] . However, high isolation UWB MIMO antenna with dual-notched band is difficult to obtain, especially for the secondorder notched band with uniform performance, because the band-notched and decoupling structures may interrelate with each other, and unexpected destructive effect would be produced.
High isolation UWB MIMO antennas were designed in [7] [8] [9] [10] , but they did not offer band-rejection operation. The UWB MIMO antenna in [11, 12] rejected WLAN 5.5 GHz, and the high isolation UWB MIMO antenna obtained two rejection bands [13] , but its notch-band-edge selectivity was poor. Due to four slot-type split ring resonators, a good notch-band-edge selectivity was obtained by the UWB MIMO antenna [14] with only one notched band. Thereby, it can be said that the design of high isolation dual band-notched UWB MIMO antenna with uniform rejection performance or good notch-band-edge selectivity is still a great challenge.
Based on our work in [15] , a dual band-notched UWB MIMO antenna with uniform rejection performance for 5. 15-5.825 GHz is proposed. A 1/3λ open-end slot at about 5.7 GHz and a 1/2λ parasitic strip at about 5.3 GHz are used for producing two notched bands, which are coupled to shape a single notched band with uniform rejection performance for 5.15-5.825 GHz. The reject band 3.3-3.7 GHz is also obtained by applying a 1/4λ open-end slot. The two open-end slots are connected at their open ends, which is helpful for getting the uniform rejection performance and widening the operation band. With |S 11 | ≤ −10 dB and |S 21 | ≤ −17 dB, an operation band, ranging from 3.1 to 10.9 GHz excluding the two rejected bands, is achieved. Except for the two notched bands, the radiation efficiency η rad higher than 60%, the ratio of mean effective gains (MEG) smaller than 1.0 dB, and the envelope correlation coefficient ρ eij ≤ 0.012.
ANTENNA CONFIGURATION
The geometry of the proposed UWB MIMO antenna consisting of symmetric antenna element 1 and 2 is illustrated in Fig. 1 . With size of 9 × 16.5 mm 2 , the antenna element is printed on the front side of an FR4 substrate with dimensions 35 × 23 × 1.6 mm 3 and relative permittivity ε r = 4.4. Two symmetric parasitic strips and the ground plane (gl = 6.3 mm, gw = 35 mm) are printed on the other side of the FR4 substrate, and the length of the parasitic strip is pl = 14.5 mm, which is about 1/2λ at 5. 
DESIGN PROCESS AND OPERATION MECHANISM
The proposed UWB MIMO antenna in Fig. 1 has been fabricated, and its photographs are shown in Fig. 2 . The simulated and measured S-parameters are shown in Fig. 3 . A |S 11 | ≤ −10 dB and |S 21 | ≤ −17 dB operation band of 3.1-10.9 GHz excluding the two rejected bands (3.3-3.7 GHz and 5.15-5.825 GHz) with a uniform reject performance for 5.15-5.825 GHz is achieved.
Discussion of Impedance Matching
A rectangular monopole antenna is usually applied to UWB operation band, such as antenna [16] and our design. The prototype of our design is MIMO antenna-I depicted in Fig. 4(a) . The lower resonance frequency of a rectangular planar monopole can be approximately calculated by [16] :
and where, a l , a w , g l , g w and h are in centimeters, and they have the same values as the proposed antenna in Fig. 1 . When f = 0 mm, the calculated f rL is 5.88 GHz accorded to Eqs. (1) and (2), and this result is in agreement with the simulated one in Fig. 4(b) . The variation of f has great effect on current distributions, so |S 11 | curve changes with varying f , especially for the frequencies at about 7.0 GHz, and then a desired performance is obtained for f = 1.3 mm. But the upper frequencies of UWB band still cannot be covered.
Study of Notched Performance
For obtaining the reject band, two symmetrical open-end slots are etched into the ground plane of MIMO antenna-II shown in Fig. 5(a) . The slot length is Sl, which can be calculated approximately by
Here, C is the speed of the light in free space, and the resonant frequency of the slot is denoted by f 0 . f 0 is 3.5 GHz for the reject band of 3.3-3.7 GHz, and Sl is 12.5 mm about 1/4λ at 3.5 GHz accorded to Eq. In Fig. 6(a) , two kinds of slots, respectively named slot 1 1 (or 2 1) and slot 2-1 (or 2-2), are applied by MIMO antenna III. Sl 1 , the length of slot 1 1, is 12.5 mm, and the length of slot 2 1 is Sl 2 = 8.5 mm. From Figs. 6(b) and (c), it is obvious that both the notched bands are achieved. Moreover, it can also be seen that 3.5 GHz notched band can be controlled effectively by Sl 1 , and the 5.5 GHz notched band goes toward the higher frequencies with the decrease of Sl 2 , but the effects of Sl 1 and Sl 2 on |S 21 | curve are slight except the notched-band frequencies. Thus, we can say that the applications of slot 1-1 (1-2) and slot 2-1 (2-2) can control the bandwidth of their corresponding notched bands, respectively.
Uniform Rejection Performance and Improvement of the Operation Band
The dual band-notched filtering properties are achieved by MIMO antenna-III, but they both are firstorder notched bands, and the uniform performance and notch-band-edge selectivity are bad. Moreover, the upper frequencies of UWB operation band still cannot be covered. Thus, antenna named MIMO antenna-IV is designed and displayed in Fig. 7(a) . Note that there is no retuning work required for the previously determined dimensions, but slot 2-1 and slot 2-2 are redesigned. At their open end, slot 2-1 is connected with slot 1-1, and the length of slot 2-1 is (Sl 2 + Sl 3 + Sl 4 ) = 10 mm, which is about 1/3λ at 5.7 GHz. Slot 2-1 and slot 1-1 share one open end. Fig. 7(b) shows that the notched band produced by slot 2-1 becomes narrow, and the lower part of the 5.5 GHz notched band is no longer covered. However, the high cutoff frequency of |S 11 | goes toward the higher frequencies to cover the whole UWB operation band. With redesign of the two slots, the current distribution of ground plane is changed, which can help the antenna element successfully excite a 2λ resonant model at about 10.8 GHz.
In Fig. 8(a) , two symmetrical parasitic strips with length of 1/2λ at about 5.3 GHz are applied by the MIMO Antenna-V to regain the whole notched band of 5.15-5.5 GHz. We take Eq. (2) into account for obtaining the parasitic strips length at the very beginning of the design, and finally, (pl, pw) = (15 mm, 0.5 mm). With element 1 excited while element 2 terminated with a 50 Ω load, current distributions of MIMO antenna-V are displayed in Fig. 9 . For the cases of 3.5 and 5.7 GHz, the currents mainly distribute around slot 1 1 and slot 2 1, respectively. The overlapping area between parasitic strip 1 and antenna element 1 can be considered as a capacitor, and some currents will be coupled to the parasitic strip 1 form the antenna element 1 through this capacitor, as shown in Fig. 9(b) . Additional capacitive reactance is provided by this capacitor, and impedance matching of the antenna is destroyed for the frequencies about 5.3 GHz, thereby a notched band about 5.3 GHz is produced. Those two notched bands produced by slot 2-1 and parasitic strip 1 are coupled to shape a single notched band of 5.15-5.825 GHz with second-order characteristic. Fig. 8(b) shows that a uniform performance within this reject band is achieved. Moreover, two transmission poles at both sides of the notched band are produced, thus high notch-band-edge selectivity is obtained. A less-than-desirable performance is that some energy will be stored by this capacitor, and it will cause the peak levels of |S 11 | and |S 21 | for 5.15-5.825 GHz both getting a little lower with applying the parasitic strip, as shown in Fig. 8(b) , but the result can still be considered acceptable for UWB MIMO application.
Improvement of Isolation and the Final Design
In Fig. 8(b) , we can see that |S 21 | is smaller than −15 dB for most frequencies within UWB band, but it still needs to be improved for the frequencies at about 3.2 and 10.0 GHz. For our final design proposed in Fig. 1 , a protruded ground branch is applied. Except for the two notched bands, isolation for the whole UWB operation band is improved (≥ 17 dB), especially for the frequencies at about 3.2 and 10.0 GHz, as shown in Fig. 3 . By comparing with the results in Fig. 8(b) , we know the |S 11 | curve and the two notched bands are almost unchanged for the application of the ground branch. Table 1 represents the comparison of antenna characteristics, such as size and number of notched bands, and it can be seen that our design has good performance with compact size. 
DIVERSITY PERFORMANCE OF THE PROPOSED MIMO ANTENNA
With port 1 excited and port 2 terminated with a 50 Ω load, the normalized measured radiation patterns of the proposed antenna with the two kinds of slot, two parasitic strips and ground branches (shown in Fig. 1 for monopole antennas, and it will benefits the MEG for each antenna element. η rad are given in Fig. 11 , and the discrepancy of η rad for the two antenna elements is small due to the symmetric placement and high isolation of the two elements. η rad ≥ 60% both for the two elements, but sharply decreases and bellow 28% at the two notched bands, which demonstrates that our design has a good band-notched characteristic. MEG ratios are used to quantify the power imbalance of the two antenna elements. Based on the assumptions of wireless environments [17] and measured data, the MEG ratios are calculated [18] , and the comparison of the MEG ratios between the antennas [10, 13] and the presented antenna is listed in Table 2 . We can see that the MEG ratios of our antenna is rather good. Except for the two reject bands, the maximum value of the MEG ratios is smaller than 1.0 dB, which satisfies one of the following criteria [19] used to guarantee good channel characteristics:
where, i, j = 1, 2, which denotes the antenna elements 1 and 2, respectively. The diversity performance of MIMO antenna is characterized in terms of envelope correlation coefficient (ECC) ρ e , which can be derived from the S-parameters and η rad in a uniform propagation environment [20] :
It can be seen that small S-parameters and large η rad can help to get the desired small ρ e . Based on Eq. (5) and the measured data, ρ e is calculated and shown in Fig. 12 . Within the operation band, ρ e < 0.015 and satisfies the other criteria in Eq. (4), and another good metric is obtained for our designed. According to the measured and calculated results, the proposed dual band-notched UWB MIMO antenna has high isolation and good uniform performance within the 5.5 GHz reject band. 
CONCLUSION
A compact dual band-notched UWB MIMO antenna has been presented and studied. Excluding the two rejected bands, the −10 dB impedance bandwidth is 3.1 to 10.9 GHz, and the isolation is larger than 17 dB. One novelty of the design is the uniform performance for the reject band of 5.15-5.825 GHz, which is achieved for the second-order notched band. The other novelty is the two kinds of open-end slot connected at their open end to improve the impedance matching.
